Enteropathogenic bacteria, exemplified by Escherichia coli, rely on acid-resistance systems (ARs) to survive the acidic environment of the stomach. AR3 consumes intracellular protons through decarboxylation of arginine (Arg) in the cytoplasm and exchange of the reaction product agmatine (Agm) with extracellular Arg. The latter process is mediated by the Arg:Agm antiporter AdiC, which is activated in response to acidic pH and remains fully active at pH 6.0 and below. Despite our knowledge of structural information, the molecular mechanism by which AdiC senses acidic pH remains completely unknown. Relying on alanine-scanning mutagenesis and an in vitro proteoliposome-based transport assay, we have identified Tyr74 as a critical pH sensor in AdiC. The AdiC variant Y74A exhibited robust transport activity at all pH values examined while maintaining stringent substrate specificity for Arg:Agm. Replacement of Tyr74 by Phe, but not by any other amino acid, led to the maintenance of pH-dependent substrate transport. These observations, in conjunction with structural information, identify a working model for pH-induced activation of AdiC in which a closed conformation is disrupted by cation-π interactions between proton and the aromatic side chain of Tyr74.
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membrane transporter | pH sensing | amino acid, polyamine, and organocation superfamily E nteropathogenic bacteria, such as Escherichia coli, Salmonella enterica, and Yersinia pestis, have developed sophisticated acid-resistance systems (ARs) to survive the extremely acidic environment in the stomach (1) . In E. coli, AR2 and AR3 each use two molecular components, a membrane-embedded amino acid antiporter and a cytosolic decarboxylase, to consume and expel intracellular protons (1) (2) (3) . AR3 consists of the antiporter AdiC, which exchanges extracellular L-arginine (Arg) with intracellular agmatine (Agm), and the decarboxylase AdiA, which converts Arg to Agm by removing a carbon dioxide molecule from the α-carboxylate group of Arg and thus absorbing an intracellular proton (2) (3) (4) (5) (6) . Similarly, AR2 comprises an L-glutamate (Glu):γ-aminobutyric acid (GABA) antiporter GadC and two Glu decarboxylases, GadA and GadB, which convert Glu to GABA (7, 8) . Each cycle of transport and decarboxylation by AR2 or AR3 results in the consumption and expelling of one intracellular proton, effectively increasing intracellular pH (2) .
The transport activity of the amino acid antiporter AdiC or GadC is strictly pH-dependent (6, 9) . Both transporters display robust transport activity only at pH values of 6.0 or lower. At neutral pH or higher, neither AdiC nor GadC exhibits significant transport activity. In addition, expression of some of the AR components is regulated by pH (10, 11) ; for example, the transcription factor AdiY enhances the expression level of AdiA in response to acidic pH (12) . The underlying molecular mechanisms of these pH-dependent functions remain largely unknown.
Structural and biochemical characterization of AdiC and GadC has provided important insights into substrate recognition and transport for these conserved amino acid antiporters (9, (13) (14) (15) (16) . Considerable effort has focused on identifying pH sensorspresumably one or more amino acids-in these membrane transporters (9) . Because robust transport activities of AdiC or GadC are turned on at pH values of 5.5-6.5 (6, 9) , the amino acid histidine (His), which has a pK a of 6.2, became the prime suspect. Unfortunately, however, despite intense scrutiny, no His residue in GadC or AdiC has been reported to constitute a pH sensor.
In this paper, we report the identification of a critical pH-sensing amino acid, Tyr74, in AdiC. Replacement of Tyr74 by any other amino acid (except Phe) resulted in loss of pH dependence. Importantly, substrate binding and selectivity are unaffected by these mutations. Our experimental evidence unambiguously demonstrates that Tyr74 is the long sought-after pH sensor in AdiC.
Results
Rationale for the Search for a pH Sensor. Identification of a pH sensor is central to mechanistic understanding of the pHdependent transport activity of AdiC. By definition, a pH sensor must have the ability to undergo pH-induced changes-either to mediate new interactions or to abolish existing interactions-so as to regulate substrate transport. Such pH-induced changes may involve protonation and deprotonation of the sensor or direct interaction between protons and the sensor. The former category may involve pH-induced protonation and deprotonation of the amino acids His, Glu, and Asp, whereas the latter category is exemplified by cation-π interactions between protons and an aromatic amino acid (17) .
In this study, we searched for a sensor that responds to pH changes in the weakly acidic range of pH 5.5-6.5. We first assessed the possibility that the substrate molecule Arg or Agm may serve as a pH sensor for AdiC. Given the pK a values of 12-13 for the guanidinium groups of Arg and Agm, neither substrate molecule can rely on its side chain to sense acidic pH. The α-amino groups of Arg and Agm have pK a values of 9-10, whereas the α-carboxylate of Arg has a pK a of ∼2.2. Consistent with the conclusions of Significance Enteropathogenic bacteria, exemplified by Escherichia coli strain O157:H7, rely on elaborate acid-resistance systems (ARs) to survive the extremely acidic environment of the stomach. The amino acid antiporter AdiC plays a key role in AR3 and is activated only under acidic pH conditions. Despite elucidation of crystal structures, the molecular mechanism by which AdiC senses acidic pH remains unknown. In this study, we have identified a single aromatic amino acid, Tyr74, as a pH sensor in AdiC. The pH-sensing mechanism appears to be mediated by cation-π interactions between proton and the aromatic side chain of Tyr74. The identification of the pH sensor and the proposed mechanism of pH sensing contribute to mechanistic understanding of the pH-dependent acid resistance in bacteria. To whom correspondence should be addressed. Email: shi-lab@tsinghua.edu.cn. a previous study (18) , our analysis effectively rules out Arg or Agm as a potential pH sensor.
We next focused on specific amino acids in the primary sequences of AdiC (Fig. 1A) . Three classes of amino acids have the potential to sense pH changes. The first class includes three types of amino acids, Asp, Glu, and His, all of which have acidic pK a on their side chains and may undergo pH-induced protonation and deprotonation at a pH range of 5.5-6.5 within the folded environment of AdiC. The second class comprises the aromatic amino acids Phe, Tyr, and Trp. These aromatic residues may sense protons through cation-π interactions, which are known to be considerably stronger than hydrogen bonds (19) (20) (21) . The third class also includes three types of amino acids, Ser, Thr, and Cys, which have slightly basic pK a but theoretically might still serve as a pH sensor in certain circumstances. None of the other 11 types of amino acids can serve as a pH sensor.
The full-length AdiC (residues 1-445) contains 18 residues in the first class of amino acids and 50 residues in the second class that have the potential to sense pH changes in the 5.5-6.5 range. In addition, 22 residues of the third class are located in the transport path or on the surface of AdiC and theoretically may serve as pH sensors. In total, we had 90 candidate residues for pH sensing. We decided to take the brute force approach of individually mutating all 90 amino acids and examining the transport activity of all 90 AdiC variants. Identification of Tyr74 as a Critical pH Sensor. Using a PCR-based method, we performed Ala-scanning mutagenesis on AdiC, targeting the aforementioned 90 residues. These AdiC variants were individually purified to homogeneity and examined for their transport activity in an in vitro proteoliposome-based assay (Fig.  1B) . In this assay, each of the 90 different proteoliposomes, with a distinct AdiC variant incorporated in the membrane and 5 mM unlabeled Agm inside, was incubated in a buffer containing 50 μM unlabeled Arg and 0.21 μM 3 H-labeled Arg at varying pH values. The initial rate of transport, calculated by measuring the first 15 s of transport on incubation, was plotted against pH values. As reported previously (9) , the initial transport rates for the WT AdiC protein were quite robust at pH values of 5.5 and 6.0, but became barely detectable at pH 7.0 and 7.5 (Fig. 1B) . To quantify the pH-dependent transport activity of AdiC, we defined an R value, the ratio of the initial transport rate at pH 7.5 over that at pH 6.0 (Fig. 1B) . The R value is ∼0.03 for WT AdiC.
R values should be within the range of 0-1.0. A smaller R value indicates a larger difference of transport rates between pH 6.0 and pH 7.5, or a stronger dependence on acidic pH for transport. An R value of 1.0 suggests a transport process that is completely independent of pH. Given the influence of pH on other transport-related residues, an R value of 1.0 seemed rather unlikely. We measured the R values for all 90 AdiC variants and plotted these values against the initial rates of transport at pH 6.0 (Fig.  1C) . The Y74A variant, involving replacement of Tyr74 by Ala, clearly stood out, exhibiting the highest R value of 0.69 and ∼60% of the transport activity compared with the WT protein (Fig. 1C) . None of the other variants came close to Y74A. The H337A variant had a high R value of 0.56 but severely compromised transport, with only ∼5% of the WT transport activity (Fig. 1C) . In contrast, the T300A variant exhibited higher transport activity than the WT protein, but had an R value of only 0.05 (Fig. 1C) . This analysis unambiguously identifies Tyr74 as a critical pH sensor.
Confirmation of Tyr74 as a pH Sensor. We measured the initial rates of transport for the Y74A variant at five different pH values and plotted these rates against pH ( Fig. 2A) . In sharp contrast to WT AdiC, the initial rate of transport for the Y74A variant showed only a slight decrease from pH 5.5 to pH 7.5. Consequently, the initial rate of transport for AdiC Y74A was ∼60% of that for WT AdiC at pH 6.0, but more than 20-fold greater than that for WT AdiC at pH 7.5 ( Fig. 2A) .
Considering that the initial rate of transport represents only one aspect of the transport process, we sought to determine the maximal rate of transport (V max ) for both WT AdiC and the Y74A variant at pH 6.0 and pH 7.5 (Fig. 2B) . The initial rates of transport, measured at seven different Arg concentrations, were plotted against substrate concentration. Fitting of the curve gave rise to V max . The V max value for the Y74A variant at pH 6.0 was 726 ± 33 nmol mg
, ∼54% of that for the WT AdiC protein (Fig. 2B) . In contrast, the V max value for AdiC Y74A at pH 7.5 was 544 ± 47 nmol mg
, more than 10-fold that for the WT protein. Importantly, for AdiC Y74A, the V max value at pH 7.5 was 75% of that at pH 6.0, whereas for WT AdiC, the V max value at pH 7.5 was <4% of that at pH 6.0.
Substrate Selectivity of AdiC Y74A. Our experimental evidence strongly identifies Tyr74 as a critical pH sensor that may underlie the pH-dependent transport activity of AdiC. An important question is whether the Y74A mutation alters substrate selectivity by causing nonspecific structural changes to AdiC. To address this question, we reconstituted a competition assay by conducting the transport assay in the presence of 5 mM unlabeled substrate molecules at pH 6.0. As anticipated, 5 mM unlabeled Arg or Agm, which is 100-fold greater than the usual amount of unlabeled substrate Arg, overwhelmed the WT AdiC, resulting in a sharp reduction in measured transport activity (Fig. 3A) . Importantly, the same result was obtained for the Y74A variant. In contrast, 5 mM of other control amino acids, such as His and Lys, had little impact on the transport activity of WT AdiC or the Y74A variant, indicating a similar level of substrate selectivity in WT and Y74A. Most notably, aminoguanidine (Amg), cadaverine (Cdv), citrulline (Cit), and ornithine (Orn) are chemically similar to Arg/Agm, yet none of these molecules was able to compete with Arg/Agm for substrate transport by WT AdiC or the Y74A variant (Fig. 3A) . Consistent with unaltered substrate selectivity, WT AdiC and the Y74A variant exhibited similar binding affinities toward Arg (Fig. 3B) .
We next compared substrate selectivity of the Y74A variant at pH 6.0 and pH 7.5 (Fig. 3C ). Similar to that at pH 6.0, a nearly identical pattern of substrate selectivity was observed at pH 7.5 for the Y74A variant. This result indicates that pH has no significant impact on the substrate selectivity of the AdiC variant Y74A, further validating Tyr74 as a critical pH sensor. PH-Sensing Mechanism of Tyr74. Our experimental evidence suggests that Tyr74 may serve as a pH-regulated gate. At pH 6.5 or higher, the gate closes and blocks substrate entry, whereas at pH 6.0 or lower, the gate opens and allows substrate passage. We speculate that at pH 6.5 or higher, Tyr74 may interact with surrounding amino acids to maintain a closed conformation. This speculation was confirmed by analysis of the AdiC crystal structure (14) (Fig. 4A) . The crystals of AdiC were generated under the weakly basic condition, which does not support substrate transport. In the crystals, Tyr74 is located at the center of transport path and interacts with a number of amino acids on TM3 and TM8 to maintain the gate-closed conformation (14) (Fig. 4A) .
How does Tyr74 sense acidic pH? This action is likely mediated by cation-π interactions between protons and the aromatic side chain of Tyr74. In the crystal structure of the gate-closed AdiC at basic pH (14) , there is no space to accommodate a proton atom. Under acidic pH, an increased proton concentration allows the formation of cation-π interactions between the protons and Tyr74, causing local structural rearrangement and consequent gate opening. Among the other 19 amino acids, only Phe meets the two criteria required for pH sensing: maintenance of interactions with neighboring residues to close the gate and interactions with protons through cation-π interactions to open the gate. This analysis predicts that replacement of Tyr74 by Phe, but not by any other amino acid, may allow retention of the pHsensing mechanism. Confirming this prediction, the Y74F variant retained the ability to sense pH (Fig. 4B) . In contrast, replacement of Tyr74 by Ala, Cys, His, Leu, Met, Gln, or Ser led to a loss of pH-dependent substrate transport.
pH-dependent transport is also observed in AdiC from other virulent enteric pathogens. Because Tyr74 is conserved in various other AdiC orthologs, we suspect that the corresponding Tyr may play a similar role in other bacteria. To examine this possibility, we cloned the AdiC ortholog from Salmonella enterica, generated variants Y74A and Y74F, and assessed their transport activities. In complete agreement with our analysis, Y74A, but not Y74F, in S. enterica abrogated pH-dependent substrate transport (Fig. 4C) . This result suggests that Tyr74 may be a conserved pH sensor in multiple bacterial species.
Discussion
Similar to AdiC, the amino acid antiporter GadC is activated only under acidic pH conditions (9) . Considerable investigative efforts have focused on a potential role of the substrate molecules Glu and GABA, because the pK a values of their carboxylate side chains are close to the pH range in which GadC undergoes activation transition. Gratifyingly, GadC selectively transports Glu and GABA with their carboxylate side chains fully protonated (22, 23) . Because protonation of the carboxylate is favored by decreasing the pH value from 6.5 to 5.5 or lower, Glu and GABA clearly play a role in their pH-dependent transport. It is important to note that pH-dependent protonation of Glu and GABA does not fully explain pH-dependent substrate transport by GadC. For example, deletion of a C-terminal sequence (known as the C-plug) in GadC results in a shift of pHdependence to higher pH by 0.5 pH unit (9), suggesting a role for the C-plug in this process. A C-plug truncated variant of GadC could transport Gln, a mimic of Glu with no net charge in the side chain, even at pH 8.0, although the transport activity is much lower than that at pH 5.5 (22) . These observations suggest the existence of an as-yet unidentified pH sensor in GadC.
Similar to GadC, the charged states of Arg were found to affect the transport activity of AdiC, with Arg + clearly favored over Arg 2+ (18) . However, unlike the transport of Glu and GABA by GadC, the substrate molecule Arg does not play a role in its pH-dependent transport by AdiC. Arg exists in an equilibrium between Arg + and ; at pH 2.0 or below, the equilibrium is shifted toward Arg
2+
. The pH range of 2.0 and below is very different from the pH range of 5.5-6.5, where transition for pH-dependent transport occurs. Thus, before this study, little was known about the mechanism of pH-dependent transport by AdiC.
In this study, we took a brute force approach by individually mutating each potentially important residue in AdiC and assessing its impact on pH-dependent transport. To facilitate functional assessment, we defined an R value, the ratio of transport activity at pH 7.5 over that at pH 6.0. Notably, although we used pH 6.0 as the activated pH for calculating R values, a lower pH value, such as 5.5 or even 5.0, works equally well for AdiC. Our systematic effort led to the identification of a single amino acid, Tyr74 on the cytosolic side of AdiC, as a dominant pH sensor. Subsequent biochemical characterization unequivocally confirmed this finding. How can an aromatic residue sense acidic pH? We postulate that this action is mediated by cation-π interactions between a proton and the aromatic side chain of Tyr74. Such interactions are thought to open the intracellular gate of AdiC by causing local structural rearrangement. Scrutiny of this model may have to await information of the AdiC structure at acidic pH or in the activated conformation.
The pH sensor Tyr74 is located on the cytosolic side, not the periplasmic side. This location safeguards against inadvertent environmental pH disturbances and ensures effective responses to true acidic stress. Anecdotal pH changes in the surrounding environment may not cause a pH decrease within the E. coli cell, where AdiC maintains an inactive conformation. Under true acidic stress, the cytoplasmic pH of E. coli drops precipitously to pH 6.5 or below, resulting in pH sensing by Tyr74 and consequent activation of antiporter activity by AdiC. The efficient ARs in E. coli allow maintenance of cytoplasmic pH ∼2.5 pH units higher than that in the periplasm.
Although AdiC and GadC share considerable sequence homology, they use clearly different mechanisms for pH-dependent substrate transport. Although Tyr74 is conserved in AdiC orthologs from a few bacterial species, it is not conserved in GadC. A diversity of pH-sensing mechanisms may represent a survival advantage for bacteria, given that any single environmental factor is unlikely to simultaneously shut down both AR2 and AR3.
Methods
Generation of AdiC Variants. The ORF of AdiC from E. coli O157:H7 was cloned into pET15b (Novagen) and expressed in E. coli BL21 (DE3). Site-directed mutagenesis was carried out using a standard protocol involving two PCR steps. All AdiC variants (more than 100) were confirmed by double-stranded plasmid sequencing. The sequences of the primers used for mutagenesis are not provided herein, but are available from the authors on request.
Protein Preparation. All AdiC variants were overexpressed and purified as described previously (13) . Cells were grown at 37°C. The transformed cells was induced with 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 4 h at an OD 600 of 1.5. The cells were harvested, homogenized in a lysis buffer containing 25 mM Tris pH 8.0 and 150 mM NaCl, and disrupted by sonication. Cell debris was removed by centrifugation at 23,000 × g for 10 min. The membrane fraction was collected by ultracentrifugation at 150,000 × g for 1 h and then incubated with 2% (wt/vol) dodecyl-β-D-maltopyranoside (DDM; Anatrace) at 4°C. Protein was purified with Ni 2+ -NTA affinity resin (Qiagen). The protein was released from the affinity resin by thrombin cleavage. The protein was concentrated to 1.5 mL and applied to a Superdex-200 column (GE Healthcare) in a buffer containing 25 mM Tris pH 8.0, 300 mM NaCl, and 0.04% DDM. The peak fraction was collected and concentrated for transport assays.
Preparation of Proteoliposomes. Proteoliposomes were prepared following published protocols (6, 24) . E. coli polar lipid extract (Avanti Polar Lipids) was solubilized in CM buffer [chloroform:methanol, 3:1 (vol/vol)] to a final concentration of 50 mg/mL, then dried under a stream of nitrogen to remove the solvent and to obtain a thin layer dry lipids in a glass tube. The dried lipids were resuspended in PA Buffer (containing 30 mM KH 2 PO 4 / K 2 HPO 4, pH 7.5, 150 mM KCl, and 5 mM Agm) by vortexing for 20 min, to yield a final lipid concentration of 20 mg/mL After 10 cycles of quick freezing and thawing, the liposomes were extruded at least 21 times in an Avestin The R value for WT AdiC from S. enterica is similar to that for the Y74F variant. In contrast, the R value for the Y74A variant from S. enterica is ∼0.54, sixfold higher than that for WT AdiC from S. enterica.
